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ABSTRACT. Approximate separable representations of Green’s functions for differential
operators is a basic and an important aspect in the analysis of differential equations and in
the development of efficient numerical algorithms for solving them. Being able to approx-
imate a Green’s function as a sum with few separable terms is equivalent to the existence
of low rank approximation of corresponding discretized system. This property can be
explored for matrix compression and efficient numerical algorithms. Green’s functions for
coercive elliptic differential operators in divergence form have been shown to be highly
separable and low rank approximation for their discretized systems has been utilized to
develop efficient numerical algorithms. The case of Helmholtz equation in the high fre-
quency limit is more challenging both mathematically and numerically. In this work, we
develop a new approach to study approximate separability for the Green’s function of
Helmholtz equation in the high frequency limit based on an explicit characterization of
the relation between two Green’s functions and a tight dimension estimate for the best
linear subspace approximating a set of almost orthogonal vectors. We derive both lower
bounds and upper bounds and show their sharpness for cases that are commonly used in
practice.

1. INTRODUCTION

Given a linear differential operator, denoted by L, the Green’s function, denoted by
G(x,y), is defined as the fundamental solution in a domain Q C R" to the partial differ-
ential equation

L,Gx,y)=90x—-y), x,yecQCR"
(1)

with boundary condition or condition at infinity,

where §(x — y) is the Dirac delta function denoting an impulse source point at y. In par-
ticular, general solutions of a partial differential equation can be obtained by superposition
of fundamental solutions with source locations in 2 (and/or boundary of €2).
Approximate separability of G(x,y) is defined as the following: given two sets X,Y C
Q C R? (see Figure 1) and € > 0, there is a smallest N¢ such that there are f;(x), g;(y),l =
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1,2,... N¢
Ne
(2) G(x,y) = > ix)a(y) <e¢ x€EX,yev,
=1 XXY
where || - || xxy is the norm of some function space which G, fi, g; belong to. If X and Y

are compact and disjoint domains in R? and G(x,y) is continuous in X x Y, which is often
the case of practical interest, there exists a polynomial approximation of G(x,y) in X x Y
by Weierstrass approximation theorem which is separable. So there is a N¢ < oo for any
€ > 0. The most interesting issue is how N€ depends on €, which manifests the intrinsic
complexity of the PDE and its solution within e-approximation. If one views G(x,y) as
a family of functions on X parametrized by y € Y, this is equivalent to saying that the
Kolmogorov n-width [17] for the family of functions G(x,y) in the || - || x normed function
space is € when n = N€. Kolmogorov n-width, which is used to characterize information
content in information theory, is the best approximation of a set S in a normed space W
by a n dimensional linear subspace L,, defined as

(3) dpn(S, W) :=infsup inf [ f — gllw,
Ln fes9€ln

Of course the role of x and y can be reversed.

Q

FIGURE 1. Green’s function G(x,y) with dependence on x € X andy € Y.

We introduce the following relations to simplify notations in later derivations. = 2 y
means that there is a constant oo > ¢ > 0 such that z > cy, ¢ < y means that there
is a constant oo > C' > 0 such that z < Cy, and * ~ y means there are two constants
0 < ¢ < C < oo such that cy < = < Cy. For our results for Helmholtz equation (5), all
constants are independent of the wave number k£ as k — oo.

In this study, we assume X,Y C Q are two compact manifolds embedded in R¢ with di-
mensions dim(X) and dim(Y") respectively, i.e., they may be compact domains in R?, dim(X) =
dim(Y) =d = 1,2,3, or compact two dimensional surfaces embedded in R? or one dimen-
sional compact curves embedded in R%,d = 2,3. Without loss of generality, we assume
dim(X) > dim(Y) = s.

One can get a sharper upper bound for N¢ based simply on regularity of the Green’s
function. For example, suppose X, Y are two disjoint compact domains in R? and G(x,y)

is C"™(X x YY), one can show that N¢ < e using the following argument. Lay down a
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uniform grid y;,5 =1,2,...J ~ ¢~m in Y with a grid size h ~ e, Yy € Y, G(x,y) can
be approximated by (m — 1)-th order interpolation/extrapolation of G(x,y;), which is a
linear combination of G(x,y;) and satisfies

(4) CEy) = Y @Gy S IDPCE ) exnh™ < e,
Jiy;€Bs5(y)

where Bj(y) is a ball centered at y with a radius 6 ~ h. If Y is a rectangular domain
and G(x,y), one can even use We call G(x,y) highly separable if N¢ depends on e weekly,
N¢ < O(|logel?), for some p > 0.

When a linear PDE, such as (1), is discretized and numerically solved, high separabil-
ity of its Green’s function implies existence of low rank approximation of subsets of the
discretized system, which provides a matrix compression and lies at the heart for many
efficient algorithms. Typically low rank approximation has been used in two ways. One
way is to utilize low rank approximation of the discretized Green’s function, which is the
kernel for boundary integral formulation, for fast matrix vector multiplication when solv-
ing boundary integral equations by iterative methods [8, 11, 12, 26, 27|. Similarly, it has
been used to develop fast algorithms for evaluation of fast oscillatory scattering operator
and Fourier integral operators [6, 24, 25]. The other way is to utilize low rank property
to develop fast algorithms to solve a large linear system Ax = b corresponding to a dis-
cretization of a PDE such as (1). Each column of the inverse matrix A~! is a numerical
approximation of the Green’s function. Again low rank approximation for off-diagonal
submatrices of A~!, which is implied by high separability of the Green’s function on two
disjoint sets, is extensively explored in many fast algorithms to solve the linear system such
as hierarchical matrix and structured inverse methods [2, 3, 7, 15, 23, 29, 31, 32]. Often
the low rank approximation is computed or learned on the fly. Fast random algorithms
or rank revealing type of methods [14, 22] can be used to find the leading singular values
and corresponding singular vectors of a matrix. However, the computation cost increases
dramatically if the rank is not sufficiently low. So both upper and lower bound estimates
for approximate separability is of crucial importance in these applications.

In the literature, mostly upper bound estimates for highly separable cases were shown
for Green’s functions or kernel functions when developing fast numerical algorithms based
on low rank approximation as mentioned above. These estimates are typically based on
constructive approaches for Green’s functions or kernel functions with explicit expression
and using asymptotic expansion. Interesting study on spatial bandwidth and degree of
freedom of scattered field have also been done in the engineering literature [4, 5], which
shows that the scattered field is almost band limited and the degree of freedom is close to
the Nyquist number in term of the effective (spatial) bandwidth of the scattered field and to
the extension of the observation domain. A more general non-constructive mathematical
approach was developed in [2] to show that the Green’s function for a coercive elliptic
operator in divergence form with L.o-coefficients is highly separable (Theorem 2.8) for two
disjoint domains X,Y based on a key gradient estimate by Caccioppoli inequality. The
method and result can be extended to Green’s function of more general elliptic equations
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with non-dominant lower order terms, such as convection-diffusion equations with small
convection term or the Helmholtz equation (5) with small wave number k. Their method
does not work when the lower order term is dominant which is the case for the Helmholtz
equation with large k. It becomes a singularly perturbed problem and the gradient of
the Green’s function is unbounded almost everywhere as k — oo due to fast oscillations.
These issues are also reflected in numerical computation for these different PDEs. It
is well known that there are many efficient numerical methods to solve the discretized
system corresponding to differential operators that are elliptic dominant, such as iterative
methods with various effective preconditioners and direct inverse methods as mentioned
above. This is related to the intrinsic complexity manifested by the high separability of
the corresponding Green’s functions. On the other hand, it is well known that Helmholtz
equation with large wave number is very difficult to solve numerically in practice. For
example, all those well developed iterative methods for elliptic equations do not work
effectively for this case [10].

Here we give another mathematics perspective by showing lower bounds for the approxi-
mate separability of the Green’s function for Helmholtz equation in high frequency limit in
terms of both € and k. The lower bounds, which are sharp for many practical setups, show
that the Green’s function is not highly separable as k¥ — oo and manifests the intrinsic
complexity of the solution space. In our study we give

e explicit characterization of the correlation or angle (in L2 normed space) between
two Green’s functions of Helmholtz equation (5) in the high frequency limit,

(HG(-,Y1)H2!G(-7Y2)H2)1/XG(X,Y1)G(X7Y2)dX S (klyr—y2[)™  klyr —ya| = o0

for some v > 0 which depends on the dimension of X, its geometry and the locations
of y1,y2 (see Theorem 2.1) based on generalized stationary phase analysis.
e lower bound estimate for the approximate separability for the Green’s function of
Helmholtz equation in the high frequency limit
K a< 5
Np 2

and upper bound estimate

N]: 5 ks—i—é
as k — oo for two compact manifolds X and Y with dim(X) > dim(Y') = s and any
0 > 0, where the constants in 2 and < are independent of k for a fixed small € (see
Lemma 3.1 and Theorem 3.1 - 3.4). The lower bound is based on a tight dimension
estimate improved from that for a set of nearly orthogonal random vectors by N.
Alon [1] and Johnson-Lindenstraus Lemma [19].

e explicit estimates and their sharpness for situations that are commonly used in
practice (see Section 4). Our theory is also applied to show precise conditions if
high separability (or low rank approximation after numerical discretization) can or
can not be achieved for special set ups.
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As far as we know, lower bound estimate for approximate separability of Green’s func-
tions of this type is the first in the literature. These bounds mathematically characterize
intrinsic complexities for high frequency wave phenomena. We hope these studies and un-
derstandings can provide useful insights for developing fast numerical algorithms as well.

2. HELMHOLTZ EQUATION AND ITS GREEN’S FUNCTION

Let G(x,y) be the Green’s function to the Helmholtz equation in free space,
(5) AxG(x,y) + K n*(x)G(x,y) = d(x—y), x,y€ R,

where k > 0 is the wave number, 0 < ¢ < n(x) < C < oo is the index of refraction
and 0(x —y) denotes a point source at y. Suitable far field radiation condition has to be
satisfied for uniqueness. The high frequency limit means the wave number £ — oo, which
poses challenge both mathematically and numerically due to faster and faster oscillations
in the solution.

For completeness, we provide the general formula for the free space Green’s function of
Helmholtz equation (5) for any space dimension,

=Y (k|x — y|) d—2 1

— D p - = -—_— =
(6) GO(Xv y) Cdk , D y Cd 22.(271')17’

x,y € R\ x#y.
Ix —y[?

H,(,l)(r) is the first kind Hankel function of order p which has the following asymptotic
behavior: as r — 0

i 2\P
Wy~ [ 7@ (F)° p#0
(™) By (r) { % logr, p=20
where I'(p) is the Gamma function, and as r — oo
() 2\? git-tr-1) -3
(8) Hy(r) = ) e 2 4 4+0(rz), p>0.

For d = 3, the Green’s function takes the simplest form

1 eik|x_y‘

(9) GO(X7Y) = EW7 X#£Yy.
For d = 2,
i 1 < —Yy| cos
(10) Go(x,y) = —ZHo(l)(/‘?’X -yl = —%/0 ehyleoshlgy — x £y,
and

(11) lim Hél)(r) = %log r, lim Hél)(r) = \/Tei(r_”/@ +0(r=3/2).
T r—00 mwr

r—0t
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Denote BY(y) and Sg(y) to be a ball and a sphere in R? centered at y with radius 7
and p respectively. We have

(12)
T H(l) k 2 kT
/ 1Go(x,y)|%dx = c§k2p/ dp/ %ds = C?jwdk2p2/ T[H;(Jl)(r)Fdﬁ
B (y) 0 Sd p 0
d
where wy = 1%?;) is the area of the unit sphere in R?. From the asymptotic formula (7),
2

we see that G is square integrable at the singular source for d = 2,3. Also from the
asymptotic formula (8), we have ||Go(-,¥)ll2(Br(y)) ~ k5" as k — oo.

From the above explicit expressions for free space Green’s function, we see that except
for the case d = 3, there is a multiplication factor related to k for the magnitude of the
Green’s function. To characterize the angle or correlation between two Green’s function
and study the separability of the Green’s function without the effect of this factor, we
define the normalized Green’s function as

(13) @(X,w:m, xeXc R, oty = [ 66y Pix

in our later study with the following understandings:

e [|G(-,y)|l2 is a smooth function of y since fast oscillation due to rapid change of
phase function is removed.

e When d = 3, all results for the normalized Green’s function G(x, y) can be extended
to G(x,y) since there are constants 0 < ¢ < C' < oo that are independent of k£ such
that ¢ < |G(x,y)| < C,Vx € X,y € Y, once two compact sets X,Y C R? are fixed.

e In this paper we prove results for d = 2,3 for practical interest. Since the Green’s
function is square integrable at the source singularity, we allow overlaps between
two compact domains X and Y when dim(X) = dim(Y') = d = 2,3. All results for
bounded and disjoint X and Y can be extended to d > 3.

Approximate separability of G(x,y) is defined as in (2) except that we now put a sub-
script k in N to specifically indicate the dependence on k. The key issue is the dependence
on k for a given € > 0 as k — oo. In practice, such as development of fast algorithms uti-
lizing low rank approximation for the discretized system, X and Y are often disjoint and
compact. Typical norms used are either Loo(X X Y) or Lo(X x Y). In our study we
first show analysis and results in Lo norm, which fits well with using SVD (singular value
decomposition) for low rank approximation of a matrix, and then extend those results to
Lo norm. Regarding G(x,y) as a family of functions in Ly(X) parametrized by y € YV
(see Figure 1), the separability condition (2) in Lo(X x Y) is equivalent to the existence
of a linear subspace Sx C L2(X) with dimension N} such that

(14) \//Y ||G(X7Y) - PSXG(X7Y)H%2(X)dy g €,

where Pg, G(x,y) is the projection of G(x,y) in Sx. This formulation is the same with
the role of x and y exchanged.
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We start with the study of approximate separability of the Green’s function, Gy(x,y),
for homogeneous medium, i.e., n?(x) = 1 in (5), in free space. When 2-norm is used as
the metric, one important geometric characterization of relation between two vectors is the
angle or correlation between them. Let X C R? be a compact domain and y1,ys ¢ X be
two points with § = |y; — y2| < 1. It is easy to see that

o ( ) o ( ) ) 1 eik(lx—yl\—lx—yzl)d U < ns
< Gol¥1),Golr Y2 >—‘= / x—13
1Go(-, y1)ll20Go(+ y2)ll2 Jx [x — yillx — y2|

where the constant in < depends on domain X and the distance between X and y1,yo.
In another word, two Green’s functions become more and more correlated when the two
source points become closer and closer. This is true in general for Green’s function as
long as G(x,y) is Lipschitz in y. Actually for strictly elliptic operator of the following
divergence form in R?%, d > 3,

d a 8 ) d )
(15) Lz—g%&w@ﬂﬂm¥7AK!S%%%@%@SNH,

where a;;(x) are bounded measurable functions and 0 < A < p < oo are two constants,
there exists a unique Green’s function [20, 13] G(x,y) satisfying

(16) c(d,\ p)[x —y[*? < G(x,y) < C(d, )\ p)[x — y|*7%,

where 0 < ¢(d, \, 1) < C(d, A\, pt) < 0o are two constants. Given a compact domain X C R?
and two points y1,y2 ¢ X, define

_ C(d7)"/‘) |:1 + ‘Yl _Y2|:|d2

p= mln[}x{xg)r(l |X - y1|, xmel)I(1 |X - Y2|]a - c(d, A, N) p

Then we have

G@Jg<0@xm[M—mr”<c@mm[u—m+wrwﬂ*2
G(x,y1) = cld, A p) [1x =2l = od A p) x — 2

and vice versa. Given two disjoint compact domains X,Y C R% d > 3, with p being the
distance between the two domains and r being the diameter of Y, the correlation between
any two Green’s function with sources at yq,y2 € Y is bounded by

d—2
(17) 1>< G('aY1)7é('7y2) >x> [N(_Qa [N( = C(d7 )\HU/) |:1 ;:| .

c(d, A\, )
Also Caccioppoli inequality gives a Lo norm bound of the gradient of the Green’s function
away from the source singularity which is used in [2] to show that the Green’s function for
elliptic operator (and Helmholtz equation with small k) is highly separable. However, the
picture is quite different in the more challenging regime of high frequency limit since the
Green’s function becomes more and more oscillatory as k — oc.

<K,
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2.1. Decorrelation of Two Green’s Function in High Frequency Limit in Homo-
geneous Medium. Here we study the angle between two Green’s functions or how fast
they decorrelate in term of the ratio of the separation distance of the two source points
with respect to the wave length due to fast oscillations. Stationary phase theory will play
an important role here. Define

(18) o(x) = y1 —y2| " (Ix — y1| = [x — y2l).
We have |¢(x)| < 1 and

Vo(x) = [y — o7 (320 - 22)

x—yi] ~ [x—y2
1 ; ey -GG
2 _ —1 xX—y xX—y x—y x—y
D p(x) = [y1 = 2 |X1—Y1\ - \X2—y2| :

|V¢~>(x)| =# 0 except for points on the line going through yi,y2 and outside the interval
between y1,y2, where maximum value 1 or minimum value -1 of gg is attained (see Figure
2). Also D2<]3(x) is degenerate in the direction of y; — ys. However, for x on the line
and outside the interval between yi,ys, the Hessian in the plane perpendicular to the line,
denoted by D?, is a multiple of identity matrix I, in the plane,

~ +1
20 D d(x) = I,
( ) 1 ( ) |X_y1||x_y2|

where the sign depends whether maximum or minimum is attained at x.

From the stationary phase result [16, 30] for I(k) = [ e**®)y(x)dz, where u € C°(R?)
and ¢(x) has isolated stationary points x,,,m = 1,2,..M, |Vé(x,)| = 0 and D?¢(x,,)
non-degenerate, one has

2 \d/2 N\~ M ik (xm) TSgN(D2p(xm
(k) = G2 o Taaromaper€ ©oon P Du(xy, )|
(21)
< Ck™PID?G(xm)] M Y2 s 1DPull 2,

where s > d/2 and C'is an universal constant independent of ¢ and u. However, we have to
modify the standard stationary phase technique due to the following three complications in
our case: (1) the stationary points may not be isolated, (2) the integration is on a compact
domain X and the integrand u is not C§°(X), and (3) there may be singularities in the
integrand. Here is our result.

Theorem 2.1. Assume X C R% d = 2,3 is a compact domain with piecewise smooth
boundary. Go(x,y) is the normalized free space Green’s function. Depending on positions
of y1,y2 relative to X and its boundary, there is some o« > 0 such that

) ) L d-1 1
(22) < Go(+y1),Go(-,y2) >| S (kly1 —y2[)™% min{l, T} <a<——

as k|ly1 — ya| — oo. The constant in < depends on X and the distances from y1,y2 to X.
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ORNC S

case 1 case 2 case 3
FiGURE 2. Different positions of yq,y9 relative to X

Proof. We prove for d = 3 first. Define

k=klyi —yal, () =Ily1 —y2lH(|x = y1| = [x = y2)),
(23)

1
X =
uX) = [a I RIGe (v ayixyal’

and the operator

3 ~
0 1 0¢
24 L= —_— .
@ |V¢ \2 Z 85171 6% z} Ox |V¢ ‘2 8:1;]
we have
(25) ‘< GU 7y1) GO ,YQ ’/

l)’z

Denote the line going through y1, y2 by [3; I3

and the part of I3; outside the open interval
between y1,y2 by lzf Depending on the positions of y1,ys relative to the domain X, we
consider the three generic cases illustrated in Figure 2. All other cases can be deduced
from these three cases.

Case 1. l” N X = 0, see Figure 2. Since there is no stationary point in X, i.e.,
|Vo(x)| > ¢ > 0,Vx € X, and u(x) is smooth in X, from integration by part we have
(26)

fX x)dx = -1" Jx( (Lethotx u(x)dx

- % [fX (L u(x))dx + [y [V9(x)| (T2, 15 22)eH0u(x)dS ()|
=~ [ eFPO((LT)2u(x))dx + [y IVOER) (5, vy 52)e) LT u(x)dS (x)|
+L [ [V 25 v 22 )e R 0u(x)dS (x).

Integration by part can be continued. However, the leading term is the last term which is

an oscillatory integral on the boundary 9.X. If the phase function q@(x) has isolated local
minima and maxima on X and D?¢(x) is not degenerate along OX at those extrema, the
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boundary integral in the last term is < 5 by the stationary phase theory. Hence

(27) ‘/ ei%(x)u(x)dx
X

If there is a piece of the boundary 9X stays on a level set of qg(x), see Figure 3, the phase
function ¢(x) is constant on that piece, the boundary integral in the last term is < 1 and
hence

~7ﬂ ~
SkT2, ask— .

(28) <ETY ask— oo

/ ei’;‘z’(x)u(x)dx
X

All other scenarios are bounded in between.

Ix=y; I=-Ix=y |I=c

FI1GURE 3. A piece of the boundary 0X stays on a level set of &(x)

Case 2. y1,y2 are outside X but [y> N X # 0, see Figure 2. Both ¢(x) and u(x) are
smooth in X. However, all points on the line segment Zg,’f N X are stationary points with
the same phase. Let’s use a new coordinate system to evaluate the integral. The new
orthogonal coordinate system is (r,&,7n), where the origin is at y; and r-axis is in the
direction y; — yo, and (£,n) is an orthogonal system perpendicular to r, see Figure 2 (b).

So
s r2 s
(29) / elkd’(x)u(x)dx = / / eZk‘z’(T’E’”)u(r, &, n)d&dndr
X ri JX(r)

where X (r) denotes the intersection of X with the plane (r,£,n) at a fixed r and r =
min(r7£7n)ex T, T2 = MaX(p¢ p)ex T

For a fixed r € [r1,79], if 32N X (1) = (r,0,0), it is the only stationary point in the plane
(r,&€,m). Moreover, we have

¢(r,0,0) =1,

2 7 _ 1
(30) Dg,6(r,0,0) = sy L

_ 1
u1(r,0,0)ly=0 = Gy RIG Cya)Tar(yi—ya 7 )

where [ is a 2 x 2 identity matrix. For each r, one can use a partition of unity for the domain
X(T) in (55 77) pla’ne: Xl(ra€777) + X2(r7£a 77) = 17V(T7£a 77) € X(T) 0< Xl(raga 77) <lis



APPROXIMATE SEPARABILITY OF GREEN’S FUNCTION FOR HIGH FREQUENCY HELMHOLTZ EQUATIONS

smooth and is 1 in a small ball centered at (r,0,0) and inside X (r). x1(r,&,n) is zero near

the boundary of X (r). Denote u; = x;u,i = 1,2, then

(31)

[ e g ndgan = [ e g magan+ [ R0 nagan
X(r) X(r) X(r)

Since there is no stationary point in the second integral, one can use integration by part

argument as in case 1 to show that it is < k=1, For the first integral, (r,0,0) is the only
stationary point. Apply the standard stationary phase result and from (30) we get

s_d=1 7
omik~ 2 etk

1Go(- y)l2lGo(-, y2)ll2

It is important to note that the phase in the leading term after integration in (&,7) over
X (r) is independent of r, which means no fast oscillation when integrating in r.
For a fixed r € [r1,79], if I37 N X (r) = 0, there is no stationary point in X (r). Hence

fX(r) ei%(“g’n)m(r, ¢,m)dédn will be less than the case when 132 N X () # (). So we have

<SEE

(32)

/ RO &My, (v, € m)dedn —
X(r)

Jmin{-1,154 7-1
S kmm{ 5 — kL

(33) } /X RO (x)dx

T2 77
/ / ekROTEMy (1 & m)dEdndr
1 X(r)

since % =1 for d = 3.

Case 3. Let’s consider the most general case where y; and (or) yo are in the interior
of X, see Figure 2. The main contribution still comes from the line of stationary points
lzf N X. However, singularities of v at y; and y2 have to be taken care of. Assume that
there is a ball with radius ro < |y;1 — y2|/4 around each point y;,ys2 contained in X.
First, design a partition of unity functions, xo(x), x1(x), x2(x), each of which is smooth
and non-negative and xo(x) + x1(x) + x2(x) = 1,Vx € X. Here x1(x), x2(x) are 1 in a ball
centered at yi,ys respectively with radius r9/2 and are zeros outside the ball with radius
ro. Xo(x) =1 — x1(x) — x2(x). Denote

u(x) = u(x)[xo(x) + x1(x) + x2(x)] = uo(x) + u1(x) + u2(x).
We break the integral in (25) into three parts:
(34) / ei’;‘;(x)u(x)dx = / etFo () (uo(x) + u1(x) + ug(x))dx = I+II+41I1.
X X

The first term can be reduced to Case 2. Now let’s look at the second term in (34). We
change the integration to a spherical coordinate (r,6,1) centered at y; with 6 € [0, 27]
being the azimuthal angle, ¥ € [0, 7] being the polar angle and y; — y2 being the polar
axis. Then

o o L
(35) / e*o¥)y (x)dx = / / e*OX)yy (x)dsdr
X 0 JOB(y1,r)
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It can be seen from (19) that V¢(x;y1,y2) is never aligned with the normal at x of the
sphere centered at ys except at the intersections of I3 with the sphere. So on any sphere
0B(y1,r) there are exactly two stationary points at ¢» = 0 and ¢ = 7 which are non-

degenerate. At the two stationary points we have

qE(r,@,O) =
D36(r,0,0) = srrmasyan 1L

X1(7‘9 U)
u1(r,0,0) = (a5t 3 RlGoC ) ler(yi =y r)

o(r,0,7) = ly1 — yo| 12 — |y1 — y2l)

5 2
DLO0.7) = ST

x1(r,0,m)
ui(r, 0. 7) = ety TlCo -y 2y —yal =)

where L denotes the tangent plane of the sphere. Note that modulo a scaling factor r—!,

uy and its derivatives, and D? qb as functions on 0B(y1,r) are all smooth and uniformly
bounded, i.e., |Dlu1| =O(r~') and | D3 @|| = O(r~1). After scaling dB(y1,r) to the unit
sphere and apply the stationary phase result (21) to the two stationary phase points, one
gets

(37)
~~ ~ d—1 - .7 -1
ikd(x) _ omir2k” 2 ik etkly1—y2l (2T—Iy1—y2\)xl(r79,ﬂ)
Joneyrry € n(X)ds — ey LGty ¢ X (r0,0) + Vioyal 2 ]
S 2,

The righthand side in the above expression comes from an estimate of the righthand side
term of the stationary phase formula (21) and the constant in < is uniformly bounded
when r — 0. The first term in the square bracket is the leading term from the stationary
phase at ¢ = 0 on the sphere dB(y1,r) and the phase is constant in r. The second term
in the bracket is the leading term from the stationary phase at ¢» = 7 on the sphere
0B(y1,r). However, it has a phase dependent on r which results in a higher order term
after integration in r. Since all terms are integrable as r — 0, we have

(38) ‘ / %) (x)dx| =

The third term in (34) can be shown in the same way.

m‘;ﬁ(x)ul( Ydsdr| < k™7

aB(yl 77')

From the above analysis we see that the main contribution for the integral of <Go(-, y1), Go(-,

may come from the stationary line l ? and/or the boundary integral on 0f after integration
by part. All other cases can be reduced to the above three cases.

yV2)>x
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In 2D, the Green’s function in free space is of the form (10) with the asymptotic formulas
(11). For Case 1 and 2, the asymptotic formula (11) for r — oo can be used as k — oc.
Since the phase function in the exponential for < C;*o(', vi), Go(-, y2) > is also of the form
k(|x —y1| — |[x —y2|), same arguments used above can be applied. So we have the following
analogous results in 2D:

Case 1. Since the boundary 90X is a one dimensional curve, there is some o, 1 < a <

d—;rl = %, such that

(39) ’< Go(-,y1), Go(-,y2) >’ S (klyr—y2|)™%  as klyr —y2| = o0

Case 2. The leading contribution is due to the line of stationary phase l~§,’f except that the

dimension orthogonal to the line is 1D, we have dgl = % and

(40) |< Gol.y1). Gol-y2) >| S (klyr = y2) 72, as kly1 — vzl — o

Case 3. The singularity at the source is also integrable hence

(41) |< Gol,y1), Goly2) >| S (blyr = y2)72, as klyr = yal = oo

Here we give a few remarks related to the theorem above.

Remark 2.1. For d = 3, the same estimate also holds for two unnormalized Green’s func-
tions, i.e., |[< Go(-,y1), Go(+,y2) >| ~ ‘< Go(-,y1),Gol(-,y2) >|, since 0 < ¢ < 1Go(, ¥) Lo (x) <
C < > as k — oo for two constants ¢ and C that only depend on X. However, this is not

true for d =2. If y1,y2 ¢ X, |< Go(,y1),Go(+,y2) >| ~ ko |< Go(-,y1),Go(-, y2) >‘ as

k — oo due to the asymptotic formula (11).

Remark 2.2. The estimate in Theorem 2.1 characterizes the correlation or angle between
two normalized Green’s function in term of the ratio of the separation distance between the
two sources and the wavelength. One can also incorporate another scaling factor when the
distance from the two points y;,i = 1,2 to X is large compared to y1 —ya|. Geometrically,
this means that the difference between two distance functions, |x — y1| — |x — y2l|, changes
slowly with respect to x € X. Hence fast oscillation due to rapid change of the phase
function, ik(|x — y1| — |x — y2|) is discounted and the decorrelation rate of two Green’s
function is reduced.

Assume the size of X is O(1) (otherwise one can first scale x by the size of X for the

Helmholtz equation (5)) and dz!itl(;i%‘() ~ dz"z’tl(;?)'() ~ p < 1, which falls into either Case 1

or Case 2 in Theorem 2.1. From (19), we see that V¢ is scaled by p and D?¢, det[D%¢] are
scaled by p, p? respectively when they are not degenerate. The scaling for u(x) is canceled
due to the normalization according to the definition (23). When applying the stationary
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phase result (21) at a point of stationary phase, one can see that k is rescaled to ]~€p if

kp — co. For Case 1, the main contribution for ‘< @0(-,y1),é0(-,y2) >’ comes from the

last term in (26). There is a scaling factor of p~' from |V@|~! due to the integration by part
and there are isolated stationary points on 0X in general. So overall k is rescaled to kp for

Case 1. For Case 2 in Theorem 2.1, the main contribution for ‘< Go(-,yl),éo(-,yg) >’

comes from the line of stationary phase in general, where D(]E and D2q~5 are degenerate.
Along the line of stationary phase, Diqb and det[Di(j)] is scaled by p* and pQ(d_l) respec-
tively from (20). Applying the stationary phase result (21) in the plane perpendicular to
the line of stationary phase, k is rescaled to kp?. From both cases we see that k is at least
rescaled to kp in the decorrelation estimate for two Green’s function.

Remark 2.3. One can generalize the arguments in Theorem 2.1 to more general situations
where X is a compact manifold embedded in R with dim(X) = s < d, such as a surface
(s =2)in R3 or a curve (s = 1) in R, d = 2,3. For example, if X is a compact manifold
without boundary, e.g., a closed surface or curve, and two points y1,y2 ¢ X, there is some
a,0<a<s

(42) < Gol-,y1), Golsyy2) >| < (klyr —y2)) ™%, as kly1 — ya| — 0.

The two extreme cases are: (1) a =0 happens when there is a piece of X stays on a level
set of the phase function (%) = |y1 —yo| H(|x—y1| — [x —yal); (2) a = 5 happens if the
phase function ¢(x), which has stationary phase points on a compact manifold, has isolated
stationary phase points on X and DQQZ;(X) s not degenerate along X at those points. The
later case is more generic.

If X is a compact manifold with boundary, there is some o, 0 < a < % such that

(43) < Go(,¥1),Go(,y2) >| < (klyr —y2)™®,  as kly1 — y2| — .

The two extreme cases are: (1) oo =0 happens when there is a piece of X stays on a level
set of the phase function &(X); (2) a = % happens if the phase function <Z~>(x) has no
stationary phase in X and has isolated stationary phase points on X and DQQB(X) s not
degenerate along 0X at those points. If there are isolated stationary phase points in the
interior of X, o = 3.

Remark 2.4. According to the Hessian estimate (20), there are two axisymmetric k de-
pendent domains around the stationary line Zg,’f on each side of y1 and yo, denoted by Ry
and Ry respectively (see Figure 4), in which the phase function ké does not change rapidly.
For example, let’s look at a point x € lyf on the side of yo and denote r = £|x — ya].

Again we use the coordinate system x = (r,€,n) as shown in Figure 4. Since ¢(r,0,0) =

1,|V(r,0,0)| = 0,7 > 0, for a point (r,&,n) with r > 0,1/€2 + 12 < %, from
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(20) we have

< kly1 —y2 V&€ +7? <1

(44) HVor&ml S = e = ah

Hence < @0(-, vi), Gg(-, y2) > is not an oscillatory integral in Ry or Ry and the two Green’s
functions do not decorrelate fast in a subdomain contained in these two domains. We will
also provide special k dependent setups of domains X,Y such that G(x,y1) and G(x,y2)
do not decorrelate fast in X for two sources y1,y2 € Y in Section 4.2.

FIGURE 4. A domain where two Green’s functions do not decorrelate fast.

Remark 2.5. The correlation between two Green’s function can also be used for study
imaging resolution using waves. Suppose X is a compact planar region in R where the wave
field is measured. y1,y2 € R? are two point sources or scatterers. If the line connecting y1
and y is parallel to X, we have |< Go(-,¥1),Go(-,y2) >| S (kly1 — y2|)7% in general as
kly1 —ya2| — oo since there is no stationary phase. While if the line connecting y1 and yo
intersects X perpendicularly, |< Go(-,y1), Go(-,y2) >| < (kly1—yal) ™% as kly1 —ya| — oo
since the intersection point is a stationary point. Hence it implies imaging resolution in
the range direction is poorer than that in the plane parallel to X.

2.2. Decorrelation of Two Green’s Function in Inhomogeneous Medium in High
Frequency Limit. The situation is similar for inhomogeneous medium in the high fre-
quency limit when the Green’s function has a valid geometric optics approximation. The
assumption for geometric optics ansatz is that the solution to the Helmholtz equation has
the following expansion:

(45) u(x) = e*) N " ay, (x)(ik) ",
m=0

where ¢(x) is the phase function and a,,(x) are the amplitude functions which satisfy

IVo(x)| = n(x), 2Ve(x) - Vao(x) + Ag(x)ao(x) = 0

(46) 2V (x) - Vapm (x) + Ad(X)am (x) + Aapm—1(x) =0, m=1,2,...
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For the Green’s function G(x,y) defined in (5), we have the following condition at the
source point y:

(47) lim <¢(X’y) - n(y)) =0, limao(x,y)dr|x—y|=1
x=y \ [x —y]| X—y

The above geometric optics ansatz can be formulated as a Hamiltonian system, also

called as Lagrangian formulation or ray tracing, which gives explicit ordinary differen-

tial equations (ODE) for bicharacteristics (x(¢), p(t)) in phase space with Hamiltonian

H(x,p) = [p| — n(x) and p = V¢,

dX(t, X0, pO)

7 =VpH(x,p) = nx)’ x(0) = xo,
(48) W — V. H(x,p) = Vn(x), p(0)=po = V(xo)
do(x(t,x0,P0)) dx _
S0P _ g S m ), 6(0) = 6(x0)

The projection of the bicharacteristics in the physical space, i.e., x(t,yo,Po), are called
rays. If there is no caustics, i.e., two rays do not intersect in the physical space, each ray
is a geodesic in the physical space with the slowness n(z) = Tlx) as the metric, where ¢(x)
is the wave speed. |¢p(x(t2,%0,P0)) — ¢(x(t1,%0,Po))| is the shortest travel time between
points x(t1,xg, po) and x(t2,xg, po). Moreover, the amplitude along each ray is given by

-1

n(xo) 0x(t,x0)

49 2(x(t = a}

(49) a1, x0) = afxo) s [T

where %x’;(o)‘ is the determinant of the Jacobian %}:}co) meaning the geometric spreading

of rays. Before caustics are formed, the determinant is always positive and bounded. Once
ap(x) is known, a1 (x), a2(x), ... can be solved consecutively from (46).

In particular, for the geometric optics ansatz for the Green’s function with a point
source at yo, rays x(t,yo, é) are emanating from the source yq in all directions and can
be parametrized by the initial directions, i.e., the take-off angles 6 € S on a unit
sphere. The ODEs for the rays (48) have initial conditions x(0,yy, é) = yo, p(0,yo, é) =
n(yo)é, gb(O,yo,é) = 0, with aO(O,é) evenly distributed in all . If there is no caus-

tics, every point x has a unique ray passing through it, i.e., Vx,3!¢(x), 6(x) such that
x(t(x),yo, é(x)) = x. Moreover, the ray connecting yo and x is the geodesic, or the short-
est travel time, between the two points with n(x) being the slowness of the medium. Under
no caustics assumptions, the Greens functions with sources at y1,y2 can be approximated

by the following geometric optics ansatz

(50) G(x,y;) — e*P0Y) A ()| S kD =12,
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where 4;(x) = Z%:o am(x,y;)(ik)™™,j = 1,2. Hence

< E—(M+1)

9

(51) <Cly) Glya) > — / D)1 (x) dx
X

where

k=ko(y1,y2), 0(x)=0¢""(y1,¥2)(¢(x,y1) — d(x,y2)), u(x) A1(x) A3(x)

EENNESDIE

Denote I'y? to be the unique ray that passes through y; and y» as illustrated in Figure 5
(a). If n(x) is smooth and 0 < ¢ < n(x) < C < oo, one has (see Figure 5(b))

cyr —y2 < é(y1,y2) < Cly1 —y2|, 19(x,y1) — o(x,¥2) < ¢(y2,¥1)

So the phase function ¢(x) attains the global maximum or minimum +1 on the part of
the ray I'y? which is outside the interval between y; and ys, denoted by f§f Moreover,
Vxd(%,¥1) — Vxo(X,y2) # 0 for any x that is not on T'y? because the two different and
unique geodesics connecting x,y1 and x,yo respectively can not be tangent at x . So f‘gf
is a stationary curve in the inhomogeneous case and plays the same role as the straight
line /y? in the homogeneous case. Depending on whether the ray passes through X or not,
we get the same results as in Theorem 2.1 because k¢(y1,y2) ~ k|ly1 — y2|. This is true
when y; and/or ys are in X as well since the amplitude ag satisfying (47) has exactly the
same singularity as the homogeneous Green’s function.

The main complication for geometric optics ansatz in heterogeneous medium is when
rays cross each other, i.e., when caustics are formed. Although bicharacteristics in phase
space are still well defined, the amplitude formula (49) breaks down. So in general, the
above arguments can not be carried over to a general inhomogeneous medium. However, in
the case that there are finite number of rays starting from y; going through yo and there is
a partition of unity for the takeoff angle 6 on S9! such that there is a small cone around
each ray where there is no caustics, then one can apply the above argument to each cone
and get the same results.

M Y
ray y?

(a)

FIGURE 5. Rays in inhomogeneous medium
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3. APPROXIMATE SEPARABILITY ESTIMATE FOR THE GREEN’S FUNCTION OF
HELMHOLTZ EQUATION IN HiIGH FREQUENCY LIMIT

In this section we present general estimates for the approximate separability of Green’s
function of Helmholtz equation in the high frequency limit. In the next section, we will
apply these results to get explicit estimates for special setups that are of interest in practice.
These estimates imply rank estimates for discretized operators which are important for
developing fast algorithms for solving high frequency Helmholtz equation and its boundary
integral equation counterpart.

3.1. Approximating a Set of Almost Orthogonal Vectors by a Linear Subspace.
First we present some background and introduce definitions for the approximation of a set
of vectors using a linear subspace. It will be extended later to the approximation of Green’s
function in the infinite dimensional function space. Let v,, € R*, m = 1,2,..., N be a set
of vectors. Define matrix V = [vq,Va,...,vy| and matrix A = [amn|vxy = VIV. Let
Al > A2 > ... > Ax > 0 be the eigenvalues of A, then tr(A) = Z%Zl Am = Z% Vi 3.
VAL > VA2 > ... > /An > 0 are also called singular values for V. The best linear
subspace S; of all linear subspace S; of dimension [ that approximates the set of vectors
{Vm}%zl in least square sense is the space spanned by the first [ left singular vectors of V'
and satisfies

N N N
(52) SV = Psvmli = min 3" v — Pyvali= > A,
m Sy,dim(S)=l — it

where Pg,v denotes projection of v in S;. In another word,

N
(53) A = max > |v;-é[%,
ecR?,|léll2=1,6L5 1

is the maximum reduction of approximation error in term of least square for the set of
vectors {v,, }N_, when adding one more dimension to the previous optimal /—1 dimensional
linear subspace. Here we introduce two definitions for approximate rank estimate for a
symmetric non-negative matrix A.

Definition 3.1. Given ¢ > 0, N® = maxi<m<n m, S.t. VAm > €, i.e.,ﬁe denotes the
largest m such that /A, > €.

Definition 3.2. Given 1> ¢ >0, N° = min M, s.t. ZZ:MH A, < €2 ZTIX:1 A
If A= VTV, definition 3.2 implies that if a linear subspace S¢ satisfies

N
Zm:l [Vin — PSEVmH% < 2

(54) <
S IVmll3
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then dim(S€) > N€ Assume 0 < ¢ < ||[vp|l2 < C < oo,m =1,2,...,N, we can conclude
that if a linear subspace S€ satisfies
N 2 N 2
55 \/ s llvn = Povall _,, Ziklvn = Povnl} _ s
N 2 m=1 [[Vmll3
then dim(S€) > N€. In another word, the least dimension of a linear subspace that can have
an ce-r.m.s. (root mean square) approximation of a set of vectors v,,,m = 1,2,... N is

at least N¢. The root mean square approximation will lead to Lo approximate separability
estimate for Green’s function in the continuous case.
In the previous section, we proved the rate of decorrelation of two Green’s function: | <

G(,y1),G(y1) > | < (kly1 —y2|)~® for some o > 0 as k|y1 — y2| — 0o. Geometrically it
means that two Green’s functions with sources separated a little more than one wavelength
become almost orthogonal as k — oco. Intuitively, for two domains X,Y C R, if one views
G(x,y) as a family of functions in Lo(X) parametrized by y € Y and lays downs a uniform
grid y; € Y with grid size h = k=P for any 0 < 8 < 1, G(x, y;) is a set of almost orthogonal
vectors in La(X). A natural question is the least number of dimensions of a linear space
that can contain a set of almost orthogonal vectors. This question has been studied in [1] by
rank estimate for small off-diagonal perturbation of identity matrices, which is equivalent to
the same question for a set of almost orthogonal unit vectors. In particular, the asymptotic
estimate is optimal and is used to show the sharpness of Johnson-Lindenstraus Lemma [19].
However, this result can not address our problem adequately for the following two reasons.
First, the assumption in [1] on almost orthogonality for a set vectors is only pairwise.
In our problems, the set of vectors are Green’s functions for a PDE which has spatial
structure, i.e., the angle between two Green’s functions depends on separation distance of
the two sources. The spatial structure has to be taken into account to get sharp estimates.
Second, approximate separability means that we need to estimate the least dimension of
a linear subspace that can approximate a set of vectors to a certain tolerance instead of
containing the whole set of vectors. Here we adopt the approach from [1] and develop
more careful estimates in Lemma 3.1 for a set of Green’s functions by taking into account
both the spatial structure and approximation tolerance. The lemma is then used to prove
lower bound estimates for approximate separability of the Green’s function for Helmholtz
equation in the high frequency limit.

For more generality, we assume X,Y are two compact manifolds embedded in R?, i.e.,
they may be compact domains in R?, or compact surfaces embedded in R? or compact
curves embedded in R?% d = 2 or 3. Without loss of generality, we assume d > dim(X) >
dim(Y) = s. For a smooth manifold Y with dim(Y) = s = 1,2,3, it contains a local
patch of size O(1) that is diffeomorphism to a one dimensional line of unit length, a two
dimensional unit square and a three dimensional unit cube respectively, which we will only
consider in the following analysis. Let G(x,y) be the Green’s function of the Helmholtz
equation (5). The following Lemma 3.1 shows the dimension estimate for a linear subspace
in Lo(X) which approximate of a set of Green’s function G(X,ym),ym € Y with er.m.s
erTor.
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Lemma 3.1. Let X,Y be two compact manifolds embedded in R*,d = 2,3 and d >
dim(X) > dim(Y') = s. If for any two points y1,y2 € Y,
| < G(.y1),G(y2) > | S (kly1 —yo) ™™ as kly1 — y2| = o0
for some a > 0, then there are points y,, € Y,m =1,2,...,N§ ~ k570, for any 0 < 6 < 1

and arbitrary close to 0, such that for the set of Green’s functions {G(X,ym) g‘il C Lao(X)
and matriv A =< G(-,ym), G(-,yn) >

(1— 62)2k20‘, a< 3,
(56) Ny 2
(- 20, o>,
and
—47.2(s—a—6
e, acy,
(57) Ny <
E_4k's_6, a Z %’

as k — oo, where the constants in < and 2 only depend on X, Y and n(x).

Proof. We prove the statement for X,Y C R? and dim(Y) = s = 1,2, 3 respectively. The
case for X,Y C R? can be proved in exactly the same way.

Case 1: s = 1. Y is a line of unit length in R3. Put down a uniform grid y,, in Y with
grid size h = k1, 0 < § < 1, such that |y, —yn| ~ [m—nlh, m,n=1,2,...,nf = k=2,
See Figure 6(a). Define the matrix

(58) A= (mn)atxntss Gmn =< G(,¥m), G yn) >,
where
(59) Amm = 17 |amn| ,S |m—n|_o‘k_o‘5, m,n = 1,2,...,71]]3.

h R
Let Ay > X > ... > )‘nfi > 0 be the eigenvalues of A. Then Z:Z;l A, = n’é Since NZ =
h h
MAX) <y cph M, 8- VAm > € and Ni, = min M, s.t. Z:er:M_H Am < ESTE L Ay = €20l

we have

N, nj
DA =(1=)) A =(1-)ny
m=1 m=1

and
i N5, 2\, h72 24, h12
(1—e)ny [(1—e¢ )”k]
(o) > > Yoz |U ] el
m=1 m=1 Nk Mk
and
n Ny,
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At the same time, for a fixed a > 0 and take 0 < § < 1 arbitrary close to 0,
Em 1 A = tr(ATA) = Zm 1 Zk | G

_Zml mm+22 Zm n+1 @ mmn

I

10 4 g200me) S p21-0ma) g < L 2a<1-0<1

N

0+ k2 Ink < B, a=3 0<d<1
F1=0 4 gl-0-200 < p1-0, a>3 0<i<1

Hence for a fixed @ > 0 and any 0 < 6 < 1 arbitrary close to 0, combining (60) and (62)
we have

(1—€e)%k*, a<;
(63) N 2 ;
-0 1
(1—ek7° a>3
and combining (61) and (62) we have
B 6_4]{2(1_&_5), a < %
(64) Ny S
674]{175, a Z %

Case 2: s = 2. Y is a unit square in R3. Again put down a uniform grid y,,,m =
1,2,...,nf = k?179 in YV with grid size h = k°~1,0 < § < 1 (see Figure 6(b)), and define
h
matrix A as in (58). Let Ay > Ao > ... > )‘nﬁ > 0 be its eigenvalues, then ank:1 A, = ”Z
and we have (60), (61). At the same time

nh
”k ”k

(65) Z A =tr(ATA) = Z Z A

m=1n=1

Let’s look at the sum of each row. Assume y,, is the center of the square. We divide all
other points into groups of 1st square neighbors, 2nd square neighbors, ..., j-th square
neighbors, denoted by S;,j =1,2,...,J ~h™1 = k=9, See Figure 6(b). S; contains those
4(2j + 1) — 4 = 85 grid points that are on the 4 sides of the square centered at y,, with
each side of length 2jh. Then we have jh < |y, — ym| < ﬁjh,ynj € S, and hence
amn; S (kjh)™ = §7%k~ For a fixed a > 0 and take 0 < § < 1 arbitrary close to 0, we
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have
nh J J i —
iy Gy = 1+ Zj:l anesj a’?n,n]' S1+ Zj:l jRot 20
14 k20-0-0) < p20-0-0) o <1 a<l1-6<1
(66)
S 14k 2k <1, a=1,0<6<1
1+ k200 <1, a>1,0<6<1
Actually for any grid point y,,, each j-th square neighbors of y,, has at least 8;j/4 = 2j
points for j =1,2,...,J ~ k% e.g., if y,, is a corner point of the square domain. Hence

the above asymptotic formula is still true. For a fixed o > 0 and any 0 < § < 1 arbitrary
close to 0, we have

ny, nZ nﬁ ]452(2(1_5)_04)7 a<l1
(67) DS D S
m=1 m=1n=1 k2(175), a>1

Combining (67) with (60), we have

(1 — €2)2k2, a<l
(68) Ny 2

(1—€2)2k20-9) o> 1.
Combining (67) with (61), we have

6_4]{32(2(1_6)_@), a<1

(69) N. S
674/%2(175)7 a>1
Sy
" TV
YZ |~ Y
Sy
Y - Vi
™\
Ym
(a) (b)

FIGURE 6. Green’s functions with sources on a uniform grid.
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Case 3: s = 3. Y is a unit cube in R3. Put down a uniform grid y,,,m =1,2,..., nZ =
k3179 in Y with grid size h = k%10 < § < 1 and define matrix A as in (58). Let

AM > > > Anﬁ > 0 be its eigenvalues, then Z%:l Am = nZ and we have (60),
(61). Similar to 2D case, assume y,, is the center of the cube. We divide all other points
into groups of 1st cube neighbors, 2nd cube neighbors, ..., j-th cube neighbors, denoted by
Cj,j=1,2,...,J ~h™! = k79, C; contains those 6(2j+1)2—~12(2j+1)+8 = 2452 +2 grid
points y,; that are on the faces of the cube centered at y,, with each face a square of length
2jh. Then we have jh < |yn, — ym| < V3jh,yn, € Cj, and amy, S (kjh)™ = j= k.
For 0 < 6 < 1 arbitrary close to 0, one has the row sum estimate

nht J J . 9 —
> az, =1+ Zj:1 anecj agn,nj S1+ Zj:1(24.72 +2)j 72k 200
1+ 300720 < p31=0)=2a " o <3 2n<1-5<1

(70)
<K 14k 3k <1, a=30<d6<1

~

14 k200 <, a>3,0<6<1.

Also this is true for any point y,, which has at least 1/8 of 2452 + 2 points in its j-th
cube neighbor C; for j = 1,2,...,J ~ k'=9. Hence for a fixed & > 0 and any 0 < 6 < 1
arbitrary close to 0,

ng, nZ nZ ]4;2(3(1*5)*0‘)7 o< %
(71) DAMED D @ S
m=1 m=1n=1 ]{;3(1_5)7 a > %
Combining (71) with (60), we have
« 3
(1 — €2)2k%, a<j
(72) Ny 2
(1 _ 62)2]{33(1_6), a > %
Combine (71) with (61), we have
e Ap2B01-0)-a) <%
(73) Ny <
674k.3(17(5), a Z %
Replace sé by d in each of the above cases, we complete the proof. O

Remark 3.1. When d = 3, if either dim(X) = dim(Y) = 3 or X and Y are separated,
there are 0 < ¢ < ¢ < oo independent of k such that ¢ < ||G(-,y)|l2 < € uniformly
iny € Y. For the same set of Green’s functions G(X,y;) as in the above proof and
A=<G(,ym), G(-,yn) >, we have

i NG i
(74) enh < Z Am <enll = Z A > (1 —€) Z Am > (1= €X)ent.
m=1 m=1 m=1
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Hence inequalities (60) is replaced by the following:

ny N, 2N B2 2, h12

(1—e )eng, [(1—e¢ )an]

(75) Ao > ) AL >N [ : = —
2> 2 = Ny ¥

€ h h
and (61) is the same. The estimate of S X2, < Sk S a2 is amplified by @

n=1 %mn
from the previous estimate at most. So the same results are true.
When d = 2, except for a scaling factor k3 for the Green’s function, everything else is
similar to the case d = 3. By the definition 3.2 of NS., it is independent of a constant scaling
of the whole set of vectors. So the results for NS, also holds for A =< G(-,ym), G(-,yn) >.

Remark 3.2. The size of Y can be scaled for the result of Lemma 3.1. If a > 5, trace
h

estimates (62), (67), and (71) gives Y% 1 A2 < nl. It can be seen easily from (60) and

(61) that if Y is scaled to aY, k is scaled to ak in those estimates (56), (57) for Nj. and

W; respectively. Otherwise, the only factor that can not be scaled with nZ in the trace

estimates is k=2% in (62), (66) and (70). Hence, in addition to scale k to ak, there is an

extra factor of a*® for the result of Lemma 3.1.

Remark 3.3. The key estimates in the proof of Lemma 3.1 are (60) (or (75)), (61), and
h
the one for S\% A2 = tr(ATA). Although the estimate of tr(ATA) can be improved by

m=1"'m

more careful estimates of each row sum 222;1 a2, by taking into account different decorre-
lation rate according to Theorem 2.1, e.g., dividing those points in each j-th square (cube)
neighbors of ym (see Figure 6) into directional cone sections according to whether the line
connecting ym,, and its neighbors intersecting X or not, which gives different decorrelation
rate of two Green’s functions or different power o in apmy, S (kjh)™® for points in different
cones, as long as there is a solid angle cone such that lines connecting those neighbors in
that section and yn, intersect X, the order of the estimate can not be improved. On the
other hand, whether (60) and (61) are sharp or not is a more complicated issue. The answer
depends on the variation of leading eigenvalues of the matrix A =< G(~,ym),é(~,yn) >,
which depends on the geometric setup of X and Y, and the choice of €.

3.2. Lower Bound and Upper Bound Estimate for Approximate Separability of
Green’s Function. Now we use Lemma 3.1 to prove the following lower bound estimate
for approximate separability (14) of Green’s function for Helmholtz equation (5) in the
high frequency limit.

Theorem 3.1. Let X,Y be two compact manifolds embedded in R*,d = 2,3, and d >
dim(X) > dim(Y) = s. Assume that for any two points y1,y2 €Y,

| < G('aY1)7é('>yQ) > | 5 (kb’l - YQD_a as kb’l - y2| — 00
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for some o > 0. If there are fi(x) € La(X), qi(y) € L2(Y),l =1,2,..., N{ such that

Ni
(76) Gx,y) =Y fix)aly) <,
=1 La(XxY)
then
ck®, a< 5
(77) Ng >

-6
ck®T% a >3,

for any 0 < § < 1 and arbitrary close to 0 as k — oo, where c. > ¢(1 — (Ce)?)? for some
positive constants ¢ and C' that only depend on X, Y and n(x).

Proof. Without loss of generality, we assume Y is a line of unit length, a unit square or
a unit cube for s = 1, 2,3 respectively. First, put down a uniform coarse grid in Y with
grid size h = k5_1L0 < 0 < 1 and is arbitrary close to 0. The grid divides Y into cells
Yn,m=12,...N ,? = k*(1=9) Divide each coarse cell Yy, further into uniform finer cells
of size h < k™Y, Yy non =1,2,... ,Nkb = (h/h)*. See Figure 7. For a fixed n, Yy, is in
the same relative location in each coarse cell Y;,. The center and volume of each cell Yy, ,,
is ym,n and b’ respectively. Define G’Q(x,y) = G’(x,ym,n),Vy € Y,,n to be a piecewise
constant function in y. We show that by choosing h < k™! small enough

N NE
(78) /Y dy /X Gl y)—Caley)Pix =3 % /Y dy /X G, y) =G, ymn) Pl < €

m=1n=1
If X, Y are disjoint, assuming n(x) is smooth in the Helmholtz equation (5) and there is no

caustics, we have |VyG(x,y)| < k uniformly in x € X and y € Y. One can pick h < k!
small enough such that

|C§’(x,y) — G(x,ym7n)| <e, VxeX,yeYy, m= 1,2,...,N,§,n = 1,2,...,N£.
and get (78).

FIGURE 7. Two scale decomposition of the source domain.
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If X and Y are not disjoint and dim(X) = dim(Y) =d =2 or 3, G(-,y) € L2(X),Vy €
Y, we show that there is still A < k~! small enough such that

(79) [ 166e3) — GouymaPix S & oy € Vi
X
which implies (78). From (12) and the asymptotic formulas (7), (8), we have
(50) [ leeyPaxss
Br(y)

with the constant independent of k, where B, (y) denotes the ball with radius 7 centered
at y. Hence there are balls B (y) and B, () (ymn) with radius 7(€) ~ €2 such that

(81) / |G(x,y)Pdx < €, / 1G(X, Y |Pdx < €
XﬂB‘r(e)(y) XQBT(g)(Y'm,n)

for a given €, Denote Xe = X N (B(¢)(y) U Br(¢)(Ym,n)) and XC=X\X. Fory € Yon

we have

fX ]é(x, Y) - G(X, Ym,n)|2dx

= fXGC |G(X7Y) - G(X7Ym,n)|2dx + er |é(X,y> — GA(X,ymm)de =]+1]

Since |V, G(x,y)| < max(km~1(e), 72(¢)), ¥x € XC, by choosing h < k~' small enough
we get I < €2, From (81) we get I1 < €2. Hence we prove (79).
Let the linear subspace Sx = span{fp(x)};\;’“1 C Ly(X), then

[ 166c.3) = Poy Gloxy)l oy <

where Pg, is the projection onto Sx. From (78), we have

J 10 = P (6.3 = Gl I, dy S O(E)
where I is the identity map, from (78) we have

2 Jy I = Pey)Ca( 9II2, o dy
= SN T = Pe )G Y2,
(82) S G, i) — Py GO ymanlE
— W S SN 160 V) — Poy GO Y I, 1)
NE o

NE o .
Z N%? > oni NE met1 [G(X, ymn) — PSXG(XvZYm,n)H%Q(X)
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Assume
(83)

NE NE

D G ymm) = Psx GO ymm) I ,x) = min Y G, Ymn) — Psx G0 Yma) I ,x)

m=1 m=1
Then there is a constant C' > 0 such that

Nh
1 A A 2 29

(84) I > G yma) = Poy G, yma)l],x) < C2e

k m=1

Since ymm € Yym =1,2,... N,? = k*(1=9) forms a uniform grid with grid size h = k*~1, we
can apply Lemma 3.1 to get

c(1—(Ce)?)?k>  a<

[Nl IVY

dim(SX) Z
c(1 = (Ce)*)2ks=0 o>

N1V

for any 0 < § < 1 and arbitrary close to 0 as & — oo, where C > 0,c > 0 are some
constants that depend only on X and Y and n(x).
O

Remark 3.4. Theorem 3.1 presents the intrinsic mathematical difficulty for numerical
computation of Helmholtz equation with large wave number k. When n = 3, the same lower
bound estimate for approximate separability holds for unnormalized Green’s function too.
Hence, a discretized system, such as the discretized kernel in boundary integral formulation
or inverse of the matrix corresponding to direct discretization of the PDE and its off-
diagonal sub-matrices corresponding to a mesh that resolves the wavelength, does not have
low rank approximation for large k due to the decorrelation of Green’s functions caused by
fast oscillations. However, when n = 2, for separated X andY, |G(x,y)| < kf%,V(X, y) €
X XY which approximate separability trivial when k is large enough.

Remark 3.5. Although it seems that the lower bound estimate (77) in Theorem 3.1 shows
a weak dependence of Ni on € as k — oo, the choice of € can affect the sharpness of the
lower bound as commented in Remark 3.3.

Here we also give an upper bound estimate for the approximate separability of Green’s
function in the high frequency limit. The intuition is that the Green’s functions with
sources located within a wavelength are correlated. So use the linear subspace spanned by
Green’s functions sampled uniformly in the source domain with a grid size smaller than
wavelength should approximate the whole family of Green’s functions good enough.

Theorem 3.2. Let X,Y be two compact manifolds embedded in R%, d = 2,3 and d >
dim(X) > dim(Y) = s. For any ¢ > 0 and 6 > 0, there are fi(x) € Lo(X),qi(y) €
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Ly(Y),l =1,2,...,Nf < Ck*T0 such that

Ni
(85) G(x,y) =Y fix)aly) <e
=1 La(XXY)
as k — oo, where C > 0 is some constant that depends on X, Y and n(x).
Proof. Put down a uniform grid in Y, which is assumed to be a line of unit length, a

unit square or a unit cube for s = 1,2, 3 respectively, with grid size h = k~179/2. Denote
the grid point as y,,,m = 1,2,...,N,f} = k*(149/2) " Denote the liner subspace Sy =

span{é(x,ym)}ﬁ;l C Lo(X). We claim
~ ~ 1
(86) 1G(x%,y) = Psxy G, y)la(x) < [V 2€

for k large enough, where |Y| denotes the volume of Y.

If X and Y are disjoint, assuming n(x) is smooth in the Helmholtz equation (5) and
there is no caustics, we have |VyG(x,y)| < k, HDf,G(x,y)H < k2, where the bound is
uniform in X and Y. Given a non-grid point y € Y, G(X,y) can be approximated by a

linear interpolation, which is convex combination of Green’s function at its neighboring
grid points. To be precise, suppose y € Y lies in the s dimensional simplex with vertices

Ymis -y Ymgyr- Let 7"31,, e ;,H be the barycentric coordinates for y, i.e.,
s+1 s+1
J J
y= Z Jymp 12720, Y =1
j=1

Then we have the following linear interpolation
s+1 '
(87) G(x,y) = Y 1y Gx,ym,)| S 1DFG(x y) | S k2
j=1
and hence (86) is true when k is large enough.
If X and Y are not disjoint and dim(X) = dim(Y) =d = 2,3, G(-,y) € Lo(X). For a
given ¢, there are balls B, (y) and By (o) (ym;) with radius 0 < 7(¢) ~ €2 centered at y
and y,;,j = 1,2,...,d+ 1 such that

€2 €2
88 / ny dx_i / nym dx_i
B Ly OIS @D g, IS Ty

Also we have |V, G(x,y)| < max(km(e), 772(¢)), HDgé(x, Y| < max(k271(e), kr—2(e), 773(¢))
and hence
(89)

v
+
—_

A~

G, y) = Y G ym)| S IDyG(x,y)lIh? S max(k*C), k2772 (e), k2777(0).

<.
Il
—
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for any x € X \ B(¢(y) U (U?i%BT(g) (ym;)). By decomposing the integration in (86)
on X into two parts, one on X = X N (B (y) U (U?I%BT(C) (ym;))) and the other on
XeC =X \ (BT(E) (Y) U (UdillBT(e) (ymj)))’ we have

Jx G y) = 75 3G, ym, ) dx

<2 [y |G y)? + X G, ym,) Pdx

(90)

<25 B ) |G OO Y+ 5 |G (%, yim, ) Pl

e2

S 2|Y|’
and from (89)
d+1 62

91 G N raG Pdx < ——
o) JEEe Gl < g

when £ is large enough. Combining the above two parts we get (86) when k is large enough,
which implies

(92> \//Y Hé(x,y) - PSX(?(X?y)H%Q()()dy <e

O
Remark 3.6. The above upper bound holds for unnormalized Green’s function when d = 3.

If dim(X) = dim(Y) = d = 2,3, since the Green’s function belongs to La(X x Y),
our approximate separability estimates in Lo norm is valid for general compact domains
X and Y, disjoint or not. However, if X and Y are disjoint, which is the case for most
applications, our results in Ly norm are also true in Lo (X X Y) norm. Since Ly, norm is
stronger than Lo norm in a compact domain, the lower bound for approximate separability
in Theorem 3.1 immediately extends to Ly, norm. Also, first part of the proof in Theorem
3.2 directly extends to L™ norm. We summarize these two results below.

Theorem 3.3. Let X,Y be two disjoint compact manifolds embedded in R*, d = 2,3, and
d > dim(X) > dim(Y) = s. Assume that for any two points y1,y2 € Y,

| < G(,y1),G(oy2) > | S (klyr —y2) ™ as klyr — yo| = o0
for some o > 0. If there are fl(x) € Loo(X),q1(y) € Loo(Y),l =1,2,..., N} such that

(93) G(x,y) — Zfl ) <e VxeX,Vyey,
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then

(94) Ny =

for any 0 < § < 1 and arbitrary close to 0 as k — oo, where ¢ > c¢(1 — (Ce)?)? for some
positive constants ¢ and C' that only depend on X, Y and n(x).

Theorem 3.4. Let X,Y be two separated compact manifolds embedded in R%,d = 2,3, and
d>dim(X) > dim(Y) = s. For any e > 0 and 6 > 0, there are fi(x) € Loo(X),q1(y) €
Loo(Y),l=1,2,...,Nf < Ck° such that

Ny
(95) G(x,y) =Y [ix)ay)| <e VxeX,VyeY,
=1

as k — oo, where C' > 0 is some constant that depends on X, Y and n(x).

Remark 3.7. In Theorem 8.2, upper bound estimate for the approximate separability of
Green’s function for the Helmholtz equation in the high frequency limit in Lo norm is
derived based on separable approzimation using linear combination (interpolation) of a set
of Green’s functions with sources located on a uniform grid. It is also possible to obtain an
upper bound estimate in the Lo norm for the approrimate separability of Green’s function
for the Helmholtz equation in the high frequency limit in homogeneous medium for an
arbitrary bounded domain based on separable approximation using the eigenfunctions of
Laplace operator and Weyl’s asymptotic formula [28] for the eigenvalues.
Suppose G(x,y) is the Green’s function in a bounded domain Q C R? satisfying

. AG(xy) + RG(xy) = 6(x—y), xy€Q
G(x,y) =0, x € 0.

Let upm (%), [umll L) = 1,m = 1,2,... be the normalized eigenfunctions for the Laplace
operator

(97) Aty (X) = M (x), X E€Q, up(x)=0,x € 0N

with eigenvalues 0 > Ay > Ao > .... Hence up(x),m = 1,2,... are also the normalized
eigenfunctions for the homogeneous Helmholtz operator with eigenvalues Ay, + k?,m =
1,2,.... Here we assume the domain € is not resonant, i.e., Ay + k> # 0,Ym. Since

Um (x) forms an orthonormal basis for La(2) and G(x,y) € L2(Q2) for d = 2,3, one has
the following expansion
(98) Gxy) = O+ k)t (y) i (x).
m=1
The Weyl’s asymptotic formula gives

4r2m?2/d

(99) | Aml ~ (a7
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for large m, where || is the volume of Q. Choose a large enough integer M > k40§ > 0,
then | Am + k271 < |71 S m form > M. For any € > 0, we have

M oo
(100) / / GO0Y) = 3 o+ 1) Lt () um () Pxdy S S mh < M <
aJo el m=M+1

when k is large enough for d = 2,3. Hence one can use eigenfunctions of Laplace operators
to construct a separable approximation for the Green’s function of Helmholtz equation. In
particular for any two subdomains X,Y of 2, (100) implies

|G 3) = S0 Oon + 1)t () ()|

La(X xY)
(101)

< || @6 y) = SR + B () ()

LQ(QXQ)
which shows that Ni S k%9 for any & > 0 in the high frequency limit.

Remark 3.8. It can be seen from Theorem 3.1 and 3.2 as well as Remark 3.7 that
if two Green’s functions at different sources decorrelate fast, ‘< G(,y1),G(y2) >| <

(klyr — y2|) ™ with a > 3,5 = dim(Y) < dim(X), the upper and lower estimate of the
approrimate separability of Green’s function for Helmholtz equation is sharp in the high
frequency limit. In this scenario, a set of Green’s functions with sources uniformly dis-
tributed in a domain or a set of leading eigenfunctions for Laplace operator form a good
basis to represent an arbitrary Green’s function or solution. However, the representation
18 not much compressible and hence low rank approrimation in numerical computation is
not feasible. Moreover, to compute a set of densely distributed Green’s functions or a large
number of eigenfunctions of Laplace operator of order at least O(k®) for a s-dimensional
manifold for a general setup in practice is computationally challenging. In certain setups,
explicitly known special functions/basis can be explored to develop fast algorithms even for
dense matrices that do not have low rank approrimation, such as fast Fourier transform

(FFT).

4. EXAMPLES

In this section we apply our previous general results to a few setups that are of practical
interests in 3D. Again we assume that X,Y are two compact manifolds embedded in
R? and dim(X) > dim(Y) = s. First, in Section 4.1, we discuss several examples for
which the Green’s function for Helmholtz equation is not highly separable in the high
frequency limit. In particular, if the decorrelation of two Green’s functions is fast enough,

‘< G(,y1),G(,y2) >‘ S (klyr —y2|)™, a > §, the lower bound and upper bound for the

approximate separability of Green’s function for Helmholtz equations in the high frequency
limit are sharp. As discussed in the proof of Theorem 2.1, Remark 2.3 and Section 2.2, if a
generic ray going through two points, y1,y2 € Y, only intersect X at isolated points, then

a = 5 and hence both lower bound and upper bound are sharp. For all these examples,
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where X and Y are given and fixed, the lower bound in Theorem 3.1, sharp or not, implies
that there is no low rank approximation in the corresponding discretized system due to the
fast decorrelation of Green’s function of Helmholtz equation in the high frequency limit.
However, there are special k dependent setups for X and Y, which are discussed in Section
4.2, where the Green’s function for Helmholtz equation is highly separable even in the high
frequency limit. High separability in these special setups, which implies availability of low
rank approximation in the corresponding discretized system, can be explored to develop
fast algorithms. In the following study, all constants are positive and only depend on X, Y
and n(x) by assuming € is small so that the weak dependence of those estimates in Theorem
3.1, 3.3 on it is neglected.

4.1. Examples of not highly separable Green’s function.

1) X and Y are two disjoint compact domains in R?, dim(X) = dim(Y’) = s = 3. For two
points y1,y2 € Y, we can only claim | < G(-,y1), G(-,y2) >x | < (kly1 — y2|)~" in general
from Theorem 2.1 since for any point y € Y there is a cone with y as the vertex and a solid
angle. A segment of the ray (a straight line in homogeneous medium) connecting y and a
point in the cone stays in X which gives a 1D curve of stationary phase. Since a =1 < §
our lower bound and upper bound estimates are not sharp. Theorem 3.1, 3.3 give the lower
bound Ny 2 k? while Theorem 3.2, 3.4 give the upper bound Ng S k3+9 for any & > 0.

2) X and Y are two disjoint compact surfaces in 3D, dim(X) = dim(Y) = s = 2. This is a
typical scenario for boundary integral methods when X and Y are two pieces of the bound-
ary of scatterers. In general, the ray (straight line in homogeneous medium) going through
two points y1,ys € Y intersects X at most finite number of times, i.e., there are only

isolated stationary points for the oscillatory surface integral of )< G(, vi), G (,y2) >x|, so

a = 5 by standard stationary phase theory (see Remark 2.3). From Theorem 3.1- 3.4 we
have a sharp estimate

K20 S NES KT, W8 >0,
as k — oo.

Another interesting scenario is when people compute the direct inverse of the discretized
linear system for Helmholtz equation using multi-frontal method in which the full linear
system is reduced to smaller but dense linear systems corresponding to unknowns living
on planar domains such as those depicted in Figure 8. Low rank approximation or further
skeletonization for these smaller but dense linear systems is crucial for a fast numerical
solver. We use our theory to give the approximate separability estimates for the typical
setups in the high frequency limit. Since s = 2, the upper bound is N < k%>t for any
0 > 0. Now let’s look at the lower bound. We first look at three typical configurations
in homogeneous medium where rays are (piecewise) straight lines: (a) if X,Y are two dis-
joint coplanar regions as shown in Figure 8(a), the least rate of decorrelation between two

Greens’s function is a = %, ie., ‘< G(-,yl), G(-,y2) >X’ < (kly1 —y2|)_% by Theorem 2.1

when a segment of the ray going through y1,y2 stay in X. So one has N 2 k as k — oo;
(b) if X, Y are two disjoint planar regions that are not coplanar nor parallel to each other,
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e.g. perpendicular to each other as shown in Figure 8(b). The least rate of decorrelation
between two Greens’s function is @ = 1 by applying the standard stationary phase result
since any ray going through two points y;,y2 € Y intersect X at most finite times (0 or 1).
So one has Ny, 2 E>70.¥86 > 0 as k — oo; (c) if X, Y are two planar regions in parallel as
shown in Figure 8(c), the least rate of decorrelation between two Greens’s function is a = %
(in general since any ray going through two points y1,y2 € Y does not intersect X) or 1
(if part of the boundary 0X stays on a level set of the phase function |x —yi| — |x — y2|),
see Remark 2.3. So one has N, 2 k2795 > 0 as k — oo. If the medium is inhomogeneous,
a ray going through two points yi,yo is not straight line and intersect a planar region X
only a finite number of times. So a > 1 and we have the sharp low bound estimate
N 2 k%=9.%8 > 0 in general for the above three configurations. For a discretization with
a fixed ratio of grid size and wavelength, the sharp lower bound means that the discretized
matrix and its sub matrices are full rank modulo a constant.

o 0 Of

(a)

FIGURE 8. Two planar surfaces in 3D.

3) X € R3is a compact domain, Y is a compact smooth curve (dim(Y) = s = 1) or surface

(dim(Y) = s = 2) and X,Y are disjoint. Given any two different points y;,y2 € Y, we
have ‘< G(-,yl),é(-,yg) >X‘ < (klyr — y2|) ™ for some 1 < a < 2 from Theorem 2.1.

~

Since a > 5, from Theorem 3.1- 3.4 one has the following sharp estimates
kS0 < NE<ESTO, W >0,
as k — oo.

4) X is a 2D surface or 1D curve and Y is a 1D curve. One has o = 1 if X is a sur-
face or a = % if X is a curve using standard stationary phase theory for a general X and
two points y1,y2 € Y. So for both scenarios we have sharp bounds

10 < NE > K ve >0,
as k — oo.

4.2. Highly Separable Cases. Although in this study we have shown that the lower
bound for the number of terms, Ng, in the approximate separability (2) of the Green’s
function G(x,y) for Helmholtz equation in the high frequency limit grows with certain
power of k (Theorem 3.1, 3.3) in general, there are special k dependent setups of X and
Y where G(x,y) is highly separable, i.e., N does not depend on k£ and depends on e
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logarithmically. These special setups can be explored to develop fast algorithms in practice
by utilizing low rank approximation.

Let’s assume the Green’s function is of or can be approximated by the form G(x,y) =
A(x, y)eh oY) where A(x,y) is the amplitude function and ¢(x,y) is the phase function.
The key point is that fast decorrelation or almost orthogothonality between Green’s func-
tions with different source locations due to rapid change in the phase, as we have shown
for general domains X and Y, are not present in those special setups. Since the amplitude
function A(x,y) is independent of k, typically one needs to find ¢1(x) and ¢2(y) such
that k(o(x,y) — ¢1(x) — ¢2(y)) is uniformly bounded with respect to x € X,y € Y and
k and has a highly separable approximation, e.g., Taylor expansion in x,y, and hence
eth(9(0y)=d1(3)=¢2(¥)) hag a high separable approximation due to the fast convergence of
Taylor expansion for e?** for |z| < C' < co. Also it is easy to see that the phase difference
between two Green’s function at different sources y1,y2 can be written as

k(9(x,y1)=¢(x,y2)) = k(d2(y1)—d2(y2)) +E[(0(x, y1) = ¢1(x) = d2(y1)) — (d(x, y2) —d1(X) —¢2(y2))]

which is a constant phase shift k(¢p2(y1) — ¢2(y2)) plus a term that is bounded uniformly
with respect to x € X,y € Y and k . Hence no fast oscillatory integral is present to
decorrelate two Green’s functions. For simplicity 3D free space Green’s function (5) are
used for illustration in the following examples.

1) X,Y are two line segments that are collinear as shown in Figure 9(a) in homogeneous
medium

A A 1 ) 1
102) < Goly1), Gol-,y2) >= ezk(yz—yn/ .
(102) < Golyn). Gol2) 1Go(, y1)[l21Go (-, y2) 2 x [x = y1llx — y2|

There is no fast oscillatory integral to decorrelate two Green’s functions. Denote the axis
going through these two line segments as r, we have

1 e—ik(rx—ry) 1

%)
103 G - = —ikrx ikTy -1 rj m'
(103) 0(x,y) pr— e kv E (Ty)
m=0

In this trivial case, ¢(x,y) = ¢1(x) + ¢2(y), where ¢1(x) = —rx, ¢p2(y) = ry. It is easy to
see that the geometric series can be truncated at NP = (log bﬁ%p)_l log(4mpe) to get an a
separable approximation for any ¢ > 0 independent of k, where lx is the length of X and
p is the distance between X and Y. The same argument can be applied to two disjoint

curve segments X and Y that lie on the same ray in heterogeneous medium. In this case

1 ikd(y1,y2) /

= € ' A(val)A(Xa yg)dX,
IGC y) 211G y2)ll2 X

where ¢(y1,y2) is the travel time between y; and yo and A(x,y1), A(x,y2) are the corre-

sponding amplitudes in geometric optics ansatz as discussed in Section 2.2.

2) X and Y are two disjoint thin cylinders around a line as shown in Figure 9(b). This 3D

setup is analogous to the 2D setup in [21]. Numerical test will be presented in Section 5.

(104) < G('le)aG('7Y2) >
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X Y g £ X I Y

4

AC;

0
\/
)

Ficure 9. Two special setups of X and Y that allow highly separable
approximation of the Green’s function.

-p -
(

Let the longitudinal axis be r and the other two orthogonal coordinates in the plane
perpendicular to r be £, 1. Let x = (14,&,m:) € X and y = (ry,&,,my) € Y. Denote

p =infyexyey (re —7ry) and 7 = sup,e v yey V&2 + 12, Assume k1 < 3,1 = 7 < 1. Again
in this case ¢1(x) = —rz, ¢2(y) = ry as in the previous case. One has

klp(x,y) — ¢1(x) — ¢a(y)| = k(|x —y| — (ry —r2)) < 2kT =1

Next, we give an explicit separable construction using asymptotic expansions.
(105)

k|X - Y‘ = k\/(rx - Ty)z + (gcc - fy)Q + (7790 - %)2

e _ 2 _ 2\m—1/2
TI) + k\/(§$ - §y>2 77y 2 Z 1 _ 2m m| )' ((§$ §y> + (nx ny) ) .

1 )24m (ry _ rx)Qm—l

Note that ky/(&x — &y)? + (e — ny)? < 2k7 < 1 and % < 3. So the second

term in the above expression can be bounded by a geometric series Z;’f:l(%)%”_l. So
(106)

A~ A 1 .
< Go(y1),Go(,y2) >= elk(rylryz)/
G31), Goli»32) 1Go(- y)l2lGo(-, y2)ll2

where ¢(x) = E[(|x —y1| = (ry, —72)) = (Ix —y2| = (ry, —72))] and [¢(x)| = O(1),Vx € X.
Again no fast oscillation due to rapid change of phase is present in the integral. Now we
show explicitly the approximate separation based on the expansion (105).

For any tolerance € > 0, take ¢ such that (%)QQ‘H(I - 277)_1 < €. So only the first

g = O(]loge|) terms are needed in the summation in (105). Denote Q(x,y) be the first ¢
term expansion,

Z¢( )
\X*YMX*Yﬂ

I )™ ( — )2 o \2ym—1/2
Qx.y) = ky/(€ — &2 + (ne —m)? Y 2m)! (€ = &)+ (e —m)*)" >

— 1 - 2m m')24m (ry —ry)?m—1

Q(x,y) is bounded independent of k. So

kPl = tklry=r2) glQMy)Fe) — ikl(ry=r2) iQREY) L O (¢).
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Since e” can again have a p = O(|log€|) term polynomial expansion for any tolerance € for
a bounded x, we have

P 1
iQ(x [(Q(x,y)]
e Q(xy) = Z f + O(G)
1=0
Let’s look at each term in the summation. Since each term in the expansion of [Q(x,y)]’

is like .
[k\/ (€0 — &) + (e — 1) ]l (V& =&+ @)
o (ry —7ra)™
where the integer m ranges from [ to (2¢—1)l and m+I is even. One only needs to keep those
m < 2q terms in the expansion because (277)261‘H = O(e) and k+/(& — + (N — 1y)?
1. So altogether we have O(pq) = O(|loge|?) terms of the form
_ l ’
(ry —72)

where 0 <! < m < |loge| are integers. Each term

(& = &)+ (e —my)*)™ = [(&2 + n2) — 268y — 2namy + (&) + )™

can be expanded into WTJQ’,)' = O(|log €|?) separable terms. Further more, since r, > 7, >

0, O(|loge|) leading terms are needed in the following expansion to have an e approxima-
tion,

(108) (ry —ra) L =17 [1 - i <Z>m] | :

m=1

Hence a separable e-approximation of e**=¥! requires O(|log €|%) terms. The last term we

need to make a separable approximation is eyl

(gr - fy)z + (7733 - ny)2:| _%

(re —1y)?

1
Ix -y

= (ry —15)"" [1 +

£

m=1

2m+ 1)) (& — &)* + (7o — my)2)™
L+ Z 2m —|— ((m + 1)!)24m (yT'y —1g)%" :

Both summations in the above the formula can be truncated at O(|loge|) terms with e
error. Each term in the summation in the second bracket is similar to the term in (107)
which can be approximated by at most O(|loge|?) separable terms. So ﬁ can also be
approximated by O(|loge|%) separable terms. Combine all these terms together we have
N¢ < O(]loge|'?) for this setup.

3) Here we include two setups of X and Y that has have been proposed and used for
developing fast algorithms.

(a) In [24, 6, 18] fast butterfly algorithms for computing highly oscillatory Fourier integral
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operators and boundary integrals for Helmholtz equation were developed. The key idea
is a dyadic decomposition of two domains A, B into tree structures T4,Tp, from root
to leaf, and a recursive paring of X € T4 and Y € Tp such that the phase function
or free space Green’s function restricted on X x Y has good separability property or
low rank approximation in discrete setting. The condition for pairing X and Y is that
the product of the radius of X and Y is less than or equal to % For this setup, the
key observation is that one can construct a simple separable phase function, ¢(xg,y) +
#(x,¥0) — ¢(x0,y0) that can approximate the original phase function uniformly well, i.e.,
klo(x,y) — &(%0,y) — &(X,¥0) + ¢(X0,¥0)| is uniformly bounded for all k, x € X,y € Y,
where xq,yqo are the centers of X,Y respectively. Under an analytic function assumption
for ¢(x,y), k(o(x,y) — ¢(x0,¥) — ¢(x,¥0) + ¢(x0,¥0)) can be approximated by a Taylor
expansion with O(|loge|) terms (see the proof in [6]).

(b) In [8] fast directional multilevel algorithms for oscillatory kernels were developed based
on directional low rank property of free space Green’s function of Helmholtz equation on
two domains X, and Y, that satisfies directional parabolic separation condition: Y, is a
ball of radius r centered at a point ¢ and X, is the domain containing all points which
are at a distance r? or greater from ¢ and belong to a cone centered at ¢ with spanning

angle % Here r can be thought in unit of wavelength \ = 2% For this setup, the phase

function |x —y| = %P\x — Ay/| can be uniformly approximated by x-(x—y) = |x| —x-y =
|x| — (x — Z) .y — [ -y which can be further approximated by |x| — [ - y uniformly, where
X = ﬁ and [ is the direction the cone centered at. In another word, let ¢(x,y) = |x — y|

and ¢1(x) = |x/|,¢a(y) = —I -y, then |¢(x,y) — ¢1(x) — ¢o(y)| is uniformly bounded and
has an O(log|e|) term separable approximation with any e > 0 error.

4) Here we present a scaling argument to show a high separable asymptotic regime
for two general disjoint domains, X and Y, as kK — oo. Then we use this asymptotic
argument to show that the condition for the setup of butterfly algorithm is tight. Let
r(X),r(Y) denote the diameters of X,Y respectively. Denote the distance between X
and Y to be dist(X,Y). Without loss of generality, let 7(Y) < r(X) and r(X) = O(1).
Actually the size of X is not restricted since it can always be scaled to O(1) by scaling
X to ﬁ for the Helmholtz equation (5). Assume r(Y) < dist(X,Y). From the scaling
argument in Remark 2.2, the rate of decorrelation of two Green’s functions is rescaled

to ‘< G(-,y1),G(-,y2) >‘ S (%)ﬂé,Vyl,yz € Y for some o« > 0. So if (V) <

M, there is no fast decorrelation of two Green’s function. On the other hand, if

dist(X,Y)
k

~

in Y so that they become more and more decorrelated as k — oo. At the same time, the
number of grid points in Y becomes larger and larger as k — oo. Use a similar argument
as in Lemma 3.1 one can show a lower bound estimate for approximate separability which
grows with some power of k. The above discussion can be further scaled with dist(X,Y).
For example, if dist(X,Y) = O(k), the size of Y can be O(1).

r(Y) 2 %, V¥§ > 0, one can put a grid with a grid size a little larger than
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In a typical setup for butterfly algorithm [24, 6, 18], there are two domains A, B whose
sizes are of O(1) and dist(A, B) = O(1). For example, A, B may be disjoint boundaries of
scatterers in boundary integral methods. Dyadic decomposition of A, B gives tree struc-
tures T4, Tp with L = O(logk) levels, where the roots are A, B and the leaf nodes at
level L are of size O(k™1). Then the interaction between A and B through a highly os-
cillatory kernel function, e.g., the Green’s function for Helmholtz equation or a Fourier
integral operator, is computed based on a recursive pairing of nodes X, A O X € Ty,
and Y, B D Y € Tp, such that the level of X, [(X), and the level of Y, [(Y), satisfy
I(X)+1(Y) = L. The key observation is that the interaction between X and Y has a low
rank approximation. It was shown in [6] that the low rank approximation is guaranteed if
r(X)r(Y) = O(k~!) which is implied by condition {(X) 4+ [(Y) = L (plus some analyticity
condition on the phase function). It can be easily seen that high separability for the setup
for butterfly algorithms falls into the asymptotic regime discussed above. The requirement
of analyticity of the phase function is equivalent to requiring dist(X,Y’) > ¢ > 0 for some
fixed ¢ and the condition r(X)r(Y) = O(k~!) implies the smaller domain Y (or X) satisfies
r(Y)(or r(X))< O(k_%). In particular, this condition is barely satisfied when r(X) ~ r(Y")
or (X)) =1(Y). If r(A)r(B) = O(k%) for any 6 > 0 or dist(X,Y) — 0 as k — oo, then the
condition is violated and low rank approximation is not valid as discussed above.

4.3. Approximate separability with boundary condition. So far we have shown
approximate separability estimates for Green’s function of Helmholtz equation in high
frequency limit either in the whole space. Here we present an example when boundary
and reflection are present. First we study approximate separability of Green’s function
for Helmholtz equation in half space with homogeneous Dirichlet boundary condition as
illustrated in Figure 10(a). The Green’s function for the upper space, denoted by G1(x,y),
can be explicitly constructed from free space Green’s function, denoted by Gy(x,y),

G (X7 y) = GO(Xv Y) - GO(X7 y)>

where y is the mirror image of y with respect to the boundary. Decorrelation of G can
be deduced from that of Gy. Given two disjoint compact domains X and Y in the upper
half space and two points y1,y2 € Y, if the line 37 connecting these two points intersects
with X, or none of the the lines lg,’f, l%f, l;i intersects with X, we have

(109)

|< Gl('a }’1), G(7 YZ) >|
=<Go(x,y1),Go(%,y2)>—<Go(X,y1),Go(X,¥2)>—<Go(X,51),Go(X,y2) >+<Go(x,51),Go(X,¥2)>]

S/ |< GO(’;Y1)7GO('7Y2) >’

since [y1 —y2| < min(|y1 — ¥, [¥1 — ¥2l, [¥1 — ¥2l) and dist(y;, X) < dist(y;, X),j = 1,2.
Otherwise, decorrelation of G1(x,y1) and G1(x,y2) may be slower than that of Go(x,y1)
and Go(x,y2). In general, for two disjoint compact domains X and Y, there is a cone
with solid angle at each point y € Y with y as the vertex such that a line connecting y
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and any other point in the cone will intersect X. Correlations between Green’s functions
of these points are the leading terms in the estimate of tr(AT A) as discussed in Remark
3.3. Hence the relation (109) implies that the proof and result in Lemma 3.1 and the
lower bound estimates in Theorem 3.1 and Theorem 3.3 for X and Y without boundary
hold for this case too. It can also be easily seen that separable approximation of Green’s
function G1(x,y) for x € X,y € Y can be obtained by combining separable approximation
of Go(x,y) for x € X,y € Y and that of Go(x,y) for x € X,y € Y, where Y is the mirror
image of Y with respect to the boundary. So the upper bound estimates in Theorem 3.2
and Theorem 3.4 hold too here. Although the asymptotic formulas of the lower bound and
upper bound estimate for approximate separability of Green’s function in this case is similar
to those in free space, the number of terms, N€, needed for a separable approximation for
the Green’s function with a given error tolerance ¢ > 0 defined in (2) will increase due
to reflection at the boundary in general. It can be argued by the following. The Green’s
function G1(x,y) viewed as a family function in X parametrized by y € Y is composed
of a family of free space Green’s function Go(x,y) with y in a larger domain Y UY. Or
geometrically, instead of there is one ray connecting any two points x € X and y € Y in
free space, now there are two rays with the presence of a reflection boundary. The phase
function becomes more complicated and needs more terms in a separable approximation.
As the distance from the boundary to X and Y becomes larger and larger, the effect from
the boundary becomes less and less. In general, one can expect that presence of reflection
and scattering can cause the increase of N€, the number of terms needed for a separable
approximation for the Green’s function defined in (2).

reflection boundary \ ?
b))

(a) (b)
FiGURE 10. Half space setups with a reflection boundary.

Here, we give a more explicit study of the boundary effect on a particular setup as
depicted in Figure 10(b), where X and Y are two disjoint collinear line segments parallel to
the boundary. Without the reflection boundary, Gyp(x,y),x € X,y € Y is highly separable
which is discussed as the first special case in Section 4.2. However, if the distance from the
boundary to X, Y is small compared to the wavelength and the separation distance between
X and Y, the special setup of two thin cylinders in Section 4.2 or study in [21, 9] shows
that G1(x,y),x € X,y € Y is still highly separable. This is the key observation for the
low rank approximation used in the sweeping preconditioner for Helmholtz equation in 2D
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n [9]. However, this highly separable property does not hold if the boundary is not close
enough. Also high separability does not hold in an analogous setup in 3D. As discussed
in case 2) in Section 4.1, even for two general disjoint compact co-planar 2D regions X, Y
without the boundary the number of terms needed for a separable approximation is at least
O(k) as k — oo.

We can extend the above study further to Helmholtz equation in a waveguide, see Figure
11. The Green’s function in the waveguide with a source at y is an infinite sum of homoge-
nous Green’s functions with sources that are mirror images of each other with respect the
top and bottom boundary, i.e.,

(110) Ga(x,y) = Go(x,y) + > (—=1)"Go(x,y;h,) + Z 1™ Go(%X,¥m),
m=1

m=1

where yf is the mirror image of y with respect to the top boundary, y;\,,m = 2,3,... is the
mirror image of y, _; with respect to the top boundary. Similarly, y; is the mirror image
of y with respect to the bottom boundary and y,,,m = 2,3, ... is the mirror image of y;r%l
with respect to the bottom boundary. Due to the two reflection boundaries, the Green’s
function Ga(x,y),y € Y in the waveguide involves free space Green’s function Go(x,y)
with y belonging an infinite union of Y and its images and their images with respect to
the top and bottom boundary respectively. In another word, there is one direct ray in free
space and infinite many broken rays due to the waveguide setup connecting any two points
x € X andy € Y. Of course the decay factor ‘xiy‘ will play a role here too. For the setup

of two collinear line segments X and Y shown in Figure 11(b), highly separability does not
hold even if both boundaries are very close.

reflection boundary fection bound
reriection boundary

reflection boundary reflection boundary

(a) (b)

F1GURE 11. Helmholtz equation in a waveguide.

5. NUMERICAL TESTS

Here we show a few numerical tests related to our analysis in previous sections. In all
our numerical tests free space Green’s functions are used. Our computational grid size h
resolves the wavelength A = 27 /k, h = A\/15 in 2D and h = A/13 in 3D.
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Example 1 We test the decorrelation of two Green’s functions, ’< él(-, vi)s él(-, v2) >x ’,

where X is a compact domain. In this test, we show results for k starting from 50 with an
increment of 5.

Figure 12 shows the decorrelation of two Green’s functions in 2D. Here the domain X
is a disc centered at (0,0) with radius 0.4. In Figure 12(a) the two points y1,y2 lie on
x-axis. So the line through y1, y2 intersects X and hence there is a line of stationary points
for < G1(-,y1),G1(-,y2) >x. In Figure 12(b), the line through y;,ys is parallel to y-axis
which does not intersect X. Hence there is no stationary point for < @1(-, vi), él(-, y2) >.
As shown in the proof of Theorem 2.1, two Green’s functions in this case decorrelate much
faster than the afore mentioned case.

Also two Green’s functions decorrelate faster when |y, — y2| becomes larger in general
as shown in Theorem 2.1,. It can be seen that as yi,y2 are further away from X, two
Green’s functions become more correlated due to scaling of the gradient and the Hessian
of the phase function in term of the distance from y,y2 to X as explained in Remark 2.2.
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FIGURE 12. Decorrelation of two Green’s functions in 2D.

Figure 13 shows a test with homogeneous Dirichlet boundary condition. The boundary
is an infinite line that is parallel to x-axis located at y = —d. In Figure 13(a), X is again
a disc as before. Omne can see that the boundary condition does affect the correlation
between two Green’s functions. However, the asymptotic behavior is similar to the one
without boundary condition as k — oo. In Figure 13(b), X is a line segment on x-axis
between [—0.5,0.5], which is co-linear with points yi,y2. With no boundary conditions,
the two Green’s functions are just different by a constant phase and hence fully correlated.
When the boundary is present and is not too close or too far away from the two points
and X, we do see more decorrelations due to the boundary boundary. When the boundary
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is either very close or the boundary is very far, the two Green’s functions become highly
correlated as explained in Section 4.3.
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FI1GURE 13. Decorrelation of two Green’s functions in 2D with a boundary.
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Figure 14 shows corresponding tests in 3D. The behavior in 3D is similar to those in
2D. The domain X is a ball centered at the origin with radius 0.4. Figure 14(a) shows a
test where the two points y1,y2 lie on x-axis, hence the line through yi,y> intersects X
and two Green’s functions decorrelate relatively slow. Figure 14(b) shows the effect of a
Dirichlet boundary condition.

Example 2 Here we present singular value decomposition (SVD) pattern for
G(x;,y;), where x;,y; are uniformly distributed points in X and Y respectively

09%e

<G1,G2>

pt1=(0.5,0,0), pt2=(0.6,0,0)
BC at distance d

50

100 150

FIGURE 14. Decorrelation of two Green’s functions in 3D.
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grid size that resolves the wavelength. 3D free space Green’s function are used in the test.
In these tests, we show results for k ranging from 10 to 150 with an increment of 5. In the
following figures, solid lines show the number of leading singular values that is larger than
€ vs. the wave number k while dotted lines shows N defined by Definition 3.2. In all tests
we use three threshold values e = 1072,1074,1076.

Figure 15(a) is the result for X = {(z,y,z)|xz € [-0.5,0.5],y = 0,z = 0} and ¥V =
{(z,y,z)|lxr =0,y = 0.2,z € [-0.5,0.5]}. Figure 15(b) is the result for X, a sphere centered
at origin with radius 0.5, and Y = {(z,y, 2)|z € [0.6,1.6],y = 0.6,z = 0}. Linear growth
as predicted by our analysis is clearly seen for both cases.

251

number of leading singular value > ¢
S
number of leading singular value > ¢

0 50 100 150 0 50 100 150
wavenumber k wavenumber k

(a) (b)
FIGURE 15. Leading singular values vs. wave number for dim(}Y’) = 1.

Figure 16 gives an example of two square domains X, Y of length 0.4 for each side with
different relative position corresponding to the three setups as discussed in Section 4.1 case
2) and demonstrated in Figure 8. In Figure 16(a), X,Y are side by side and coplanar
with minimum distance 0.1 between them. In Figure 16(b), X,Y are side by side and
orthogonal to each other with minimum distance 0.1 between them. In Figure 16(a), X,Y
are parallel with distance 0.3 between them. As analyzed in Section 4.1, case (a) has
the slowest rate of decorrelation between two Green’s function and hence also the slowest
growth of the number of leading singular values and N while case (c) has the fastest rate
of decorrelation between two Green’s function and hence also the fastest growth of the
number of leading singular values and N;, among the three cases as k — oco. At least linear
growth is observed in case (a). In both case (b) and (c) a quadratic growth, as predicted
by sharp lower bound and upper bound estimates and analyzed in Section 4.1 case 2, is
observed.

Figure 17(a) shows an example of two spheres of radius 0.2 with a separation distance
of 0.2 between the two spheres. At the maximum wave number k& = 150, 20,000 points
are randomly distributed on the surface of each sphere with the number of points being
proportional to wave number for wave numbers in between. Again one sees that the number
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number of leading singular value > &

(a) (b) (c)

FIGURE 16. Leading singular values vs. wave number for two squares in 3D.

of leading singular values grows quadratically as analyzed in Section 4.1 case 2). Figure
17(b) shows an example of two thin cylinders as illustrated in Figure 9(b). The radius
of each cylinder is half wavelength and the length of each cylinder is 0.4. The separation
distance between the two cylinders is one wavelength. The SVD pattern agrees with our
high separability result in Section 4.2 nicely.

6. CONCLUSION

In this work, approximate separability of Green’s functions of Helmholtz equations in
the high frequency limit, which has direct implication for low rank approximation for
the corresponding discretized linear system, is studied in details. By characterizing the
decorrelation rate of two Green’s function due to fast oscillations in various situations and
showing a tight dimension estimate for the approximation of a set of almost orthogonal
vectors, we prove an explicit and sharp asymptotic formula for the lower bound for the
number of terms needed for a separable approximation of Green’s function in the high
frequency limit. It gives a rigorous mathematical argument for the complexity and difficulty
for solving high frequency Helmholtz equation numerically. Application to setups that
are commonly used in practice is presented. Numerical tests show full agreement with
the analysis. Development of efficient numerical algorithms based on this study will be
investigated in the future.
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FIGURE 17. SVD pattern for two spheres and two thin cylinders.
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